Herein, strontium (Sr) was successfully doped into strontium-containing calcium sulfate/poly(amino acid) (CS/PAA) composites to develop a novel bioactive bone graft, whose degradability, biocompatibility, and bioactivity were investigated in vitro and in vivo. Compared to CS/PAA composites, Sr-CS/PAA composites showed a slower degradation rate, such that, approximately, 20% less mass was lost at the end of the in vitro degradation tests. Moreover, strontium was gradually released into the degradation media along with the degradation of Sr-CS/PAA composites. In vitro, MC3T3-E1 cells adhered well on the Sr-CS/PAA composites, and the optical density values showed no significant difference between Sr-CS/PAA groups and CS/PAA groups on days 4 and 7. However, the alkaline phosphatase activity of the Sr-CS/PAA groups was significantly higher than that of the CS/PAA groups. The in vivo osteogenesis of Sr-CS/PAA composites was evaluated in rabbit femoral condyle critical bone defects. The results confirmed that Sr-CS/PAA composites exhibited superior capacity of repair for bone defects than CS/ PAA composites. Taken together, Sr-CS/PAA composites were demonstrated as promising candidates for bone regeneration, showing appropriate degradation rate, superior biocompatibility and biological activity.
Introduction
Repairing large bone defects secondary to severe trauma, infectious focal cleaning, and tumor resection are yet signicant clinical challenges.
1 Several materials, exhibiting advantages and disadvantages, are used for bone graing. Autologous bone graing is a gold standard of bone graing owing to its excellent histocompatibility. However, its clinical application is not widespread due to (i) limitations of bone availability and (ii) additional morbidity associated with bone harvesting.
2,3 Allogras have great availability; however, their use involves the potential risk of immune responses, gra failure, and disease transmission. 4 Therefore, a variety of synthetic bone gra substitutes has been explored to repair large bone defects effectively.
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Calcium sulfate (CS) has been used as a bone gra material for more than one century. 6, 7 Although CS is osteoconductive, biocompatible, and nontoxic, it has been conrmed by several studies; 8, 9 the rapid degradation might not be similar to the new bone tissue formation.
10 CS is completely reabsorbed over a period of approximately 5-8 weeks by dissolution. 11 However, large bone defects caused by severe trauma, infectious focal cleaning, and tumor resection could not completely repair over such a short duration. Therefore, CS is not recommended as a bone gra separately in these cases.
To overcome this limitation, our group developed a calcium sulfate/poly(amino acids) (CS/PAA) composite material, which not only retained the desirable properties of CS, such as favorable biocompatibility and osteoconductivity but also underwent a slow rate of degradation. 12 However, this kind of CS-based material does not have osteoinductivity, which is a crucial characteristic in the process of bone formation. Thus, we hypothesized that a novel CS/PAA composite possessed osteoinductive capacity that might exhibit better repairing performance of the bone defects.
Strontium (Sr) is a trace element in the bone and vital for the bone growth. It can inhibit bone resorption by inhibiting the activity of osteoclasts as well as, promote the proliferation and differentiation of osteoblasts to promote bone formation. Sr-containing hydroxyapatite was shown to accelerate bone growth and osteointegration in normal and osteoporotic bone signicantly. [17] [18] [19] Sr-substituted bioactive glass exhibited better ability to promote bone forming than the bioactive glass without strontium. 20, 21 Li et al. prepared a novel resorbable Srcontaining a-CS hemihydrate bone substitute and evaluated the bone repair ability in the bone defects of rat tibia. These results suggested that the bone repair performance of Sr-CaS was superior to CaS alone. 22 Based the satisfactory effects achieved by the Sr-containing bone substitute, we further hypothesized that the Sr-containing CS/PAA composites would theoretically enhance the curative effects of bone defects repairing.
In this report, Sr was incorporated with CS/PAA composite to develop a novel bioactive bone gra substitute. The degradability and biocompatibility were characterized in vitro, and the bone repair performance was investigated in vivo.
Materials and methods

Preparation of Sr-CS/PAA composites
The Sr-containing CS/PAA(Sr-CS/PAA) composites were synthesized using melt polycondensation method. Briey, the aqueous solution of 10 mg mL À1 strontium sulfate (Kelong Chemistry Co., Ltd, China) was mixed with CS dihydrate (Kelong Chemistry) at a solid to the liquid loading of 2 g mL À1 .
The pastes were mixed and completely hardened at room temperature. The specimens were washed several times with distilled to remove the residual soluble salts. Aer drying at room temperature for 72 h, the Sr-containing CS was prepared.
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2 g L-lysine, 6 g L-proline, 6 g L-alanine, 7 g L-phenylalanine, 12.5 g gamma-aminobutyric acid, and 108 g 6-aminocaproic acid (Shanghai Experimental Reagents Co., Ltd., Shanghai, China) were added to a 250 mL reaction ask. Subsequently, 50 mL puried water was slowly added and stirred continuously until all the amino acids were solubilized. The reaction ask was heated and maintained at 200 C until complete evaporation of the water. Aer the temperature of the system had increased to 220 C, 187 g of Sr-CS powder was added and mixed in the ask. Subsequently, the system was maintained at 220 C, followed by 230 C for 2 h, respectively. The Sr-CS/PAA was obtained as the vapor evaporated from the CS dihydrate.
To avoid unexpected oxidation reactions, the whole procedure was continuously protected using nitrogen gas. The composites were shied into a Teon mould (5 mm diameter and 1 mm thickness) to ensure a standardized shape of the specimens for in vitro experiments. In addition, aer cooling down to room temperature, some composites were shattered into granules with the dimension of 1-3 mm for in vivo experiments. Then, the specimens were sterilized with ethylene oxide prior to evaluation. The CS/PAA composites were synthesized using the same method.
In vitro degradation
The in vitro degradation tests were carried out in the simulated body uid (SBF, pH 7.4), which was prepared according to the method described by Su et al. 24 The ion concentrations of SBF were 142 mmol L À1 of Na . The solution was adjusted to pH 7.4 using trishydroxymethylaminomethane and hydrochloric acid. The initial mass (M 0 ) of the Sr-CS/PAA specimens was weighed accurately. The specimens were soaked in SBF solution with a solid/ liquid mass ratio of 1 g/30 mL in polyethylene tubes that were incubated at 37 C in a water bath shaking at 70 rpm. Every week, the SBF was replaced with fresh solution. At the predetermined time intervals, the samples were dried and weighed accurately (M t ). The mass loss was calculated as the percent change in the weight as shown in the equation:
The pH values of the SBF solutions were assayed by a pH meter at room temperature condition. In addition, the mass and pH values of the CS/PAA groups (controls) were detected. The Sr ions in the supernatant of the Sr-CS/PAA groups were measured by inductively coupled plasma-atomic emission spectroscopy. All samples were assayed in quintuplicate.
In vitro biocompatibility
MC3T3-E1 cells (clonal osteoblast-like mouse calvarial cells)
were selected for evaluating the biocompatibility of the Sr-CS/ PAA and CS/PAA composites. The cells were cultured in 24-well plate containing alpha-modied Eagle's Minimum Essential Medium (a-MEM; HyClone; Thermo Fisher Scientic, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; HyClone; Thermo Fisher Scientic) and 1% penicillin/ streptomycin (Beyotime Institute of Biotechnology, Shanghai, China) at 37 C in a humidied 5% CO 2 atmosphere. The medium was replaced every two days. The Sr-CS/PAA and CS/ PAA samples were immersed into the culture medium for 24 h prior to seeding. The cells (5 Â 10 4 cells per mL) were seeded onto the surface of each sample. The adhesion and morphology of the MC3T3-E1 cells on the surface of each sample were detected by scanning electron microscope (SEM, JSM-6500LV, JEOL, Japan) at a voltage of 20 kV. MTT (3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyl-2H-tetrazolium bromide) assay was used to determine the cell viability of MC3T3-E1 cells. Briey, aer 1, 4 and 7 days of culture, the original medium was replaced by fresh medium, MTT solution was added to each well, and then cell culture was continued for 4 h. Subsequently, the culture medium was removed, and dimethylsulfoxide was added to dissolve the formazan crystals. Finally, the optical density (OD) was detected at 570 nm with a microplate reader. The alkaline phosphatase (ALP) activity was measured using an Alkaline Phosphatase Colorimetric Assay Kit (ImmunoWay Biotechnology Co.; Newark, USA). The absorbance was recorded at 405 nm, following which, the protein content was calculated from a standard curve aer normalizing to the total protein content that was determined by the bicinchoninic acid (BCA) method using the Beyotime protein assay kit (Beyotime Institute of Biotechnology). The results were expressed in U mg À1 protein. The assays were conducted in triplicate.
In vivo evaluation
All animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of Chongqing Medical University and approved by the Animal Ethics Committee of The First Affiliated Hospital of Chongqing Medical University. Twenty-seven healthy New Zealand white rabbits of either gender, weighing 2.5-3.5 kg, were enrolled in this study. The animals were anesthetized via intravenous injection (1.0 mL kg À1 ) using pentobarbital sodium solution (3 wt%). A longitudinal lateral incision was made, and the lateral femoral condyle was exposed layer-by-layer. The bone defects, 6.5 mm diameter and 10 mm depth, were created by an electric drill. Intermittent drilling and continuous saline irrigation minimized the thermal damage of the adjacent bones. Aer copious physiological saline irrigation, the defects were lled with SrCSr/PAA granules, or CS/PAA granules, or le unlled. The incisions were aligned and sutured precisely. The animals were raised in individual cages under standard conditions and allowed complete activity post-surgery.
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The animals were euthanized by administering an overdose of sodium pentobarbital at 4, 8, and 12 weeks post-surgery. The femoral condyles were excised and immediately immersed in 4% paraformaldehyde. The specimens were observed by microcomputed tomography (CT) scanning (Viva CT40; SCANCO Medical AG, Brüttisellen, Switzerland) at 70 kV and 114 mA. The specimens were reconstructed, and the newly formed bone was analyzed by calculating the trabecular number (Tb.N) and bone volume percent (BV/TV%). The BV/TV% was the percentage of newly formed bone volume in the total bone defect volume.
The femoral condyles were dehydrated by an ethanol gradient and embedded in methyl methacrylate without decalcication. Subsequently, the specimens were sliced and ground to a thickness of 50 mm, followed by staining with Van Gieson stain to observe the bone regeneration microscopically (BX51; Olympus Co., Tokyo, Japan).
Statistics
Quantitative data were presented as mean AE standard deviation. The statistical analysis was performed using the SPSS 17.0
Results
In vitro degradation
As shown in Fig. 1A , the CS/PAA composites exhibited a rapid degradation during the rst week with 22.34 AE 0.95% mass loss. Subsequently, the degradation rate was decelerated gradually. Aer 12 weeks, the mass loss of Sr-CS/PAA composites and CS/ PAA composites was 31.30 AE 1.17% and 50.72 AE 1.46%, respectively (p < 0.05). The pH values of the SBF solution in the CS/PAA groups dropped sharply from 7.4 to 6.37 AE 0.08 at the rst week, and then gradually rose to neutrality at the fourth week. However, the pH values declined from 7.4 to 6.73 AE 0.07 at the rst week, followed by a rapid increase at 7.0 at the second week in the Sr-CS/PAA groups (Fig. 1B) . Signicant differences were observed between the pH values of CS/PAA and Sr-CS/PAA groups during the rst four weeks (p < 0.05). The cumulative Sr ions released from Sr-CS/PAA composites were detected and shown in Fig. 2 . A large volume of Sr ions was released from the Sr-CS/PAA composites during the rst week, followed by a gradual increase. The cumulative concentration of Sr ions was 121.9 AE 4.3 mmol L À1 at the end of 12 weeks.
However, there were no Sr ions in the CS/PAA groups.
In vitro biocompatibility
The in vitro biocompatibility of Sr-CS/PAA composites was investigated by culturing the composites with MC3T3-E1 cells. The MC3T3-E1 cells adhered tightly (with pseudopodia) on the surfaces of the Sr-CS/PAA composites (Fig. 3A) , showing excellent cell viability on the composite surfaces. The results of MTT assays were shown in Fig. 3B . The OD values increased steadily in both CS/PAA and Sr-CS/PAA groups (p < 0.05), indicating that both materials did not exert negative effects on the proliferation of MC3T3-E1 cells. The ODs showed no signicant difference between Sr-CS/PAA and CS/PAA groups on days 4 and 7 (p > 0.05).
The ALP activity during the 7 day culture with CS/PAA or Sr-CS/PAA was presented in Fig. 3C . The ALP activity was signi-cantly increased by prolonging the duration of the culture (p < 0.05). Moreover, higher ALP activity was obtained in Sr-CS/PAA groups than the CS/PAA groups (p < 0.05).
In vivo evaluation
The osteogenesis of Sr-CS/PAA composites was evaluated in vivo. Two rabbits succumbed to mortality due to diarrhea at 26 days aer surgery and were replaced by two new rabbits. All the incisions healed without dehiscence and infectious signs such as swelling, febrility, and effusions. Neither abscess nor inammation was not observed in the bone or muscle tissues around the implantation sites.
The micro CT images were shown in Fig. 4 . The defect was evident in the untreated group at the end of the experiment. In the CS/PAA and Sr-CS/PAA groups, the defects were completely repaired at 12 weeks post-surgery. Moreover, the trabecular density as determined by visual inspection was higher in the Sr-CS/PAA than the CS/PAA groups. In order to measure the amount and quantity of new bone formation, the Tb.N and BV/ TV% in each group were determined by micro CT analysis ( Fig. 4C and D) . At 12 weeks post-implantation, the Tb.N values were 0.33 AE 0.04 in the untreated groups, 0.93 AE 0.05 in the CS/ PAA groups, and 1.25 AE 0.07 in the Sr-CS/PAA groups. The BV/ TV% values of the untreated, CS/PAA, and Sr-CS/PAA groups were 8.1 AE 0.7, 23.5 AE 0.9, and 30.3 AE 1.4%, respectively. The Tb.N and BV/TV% in the Sr-CS/PAA and CS/PAA groups were signicantly higher than the untreated group (p < 0.05). Moreover, the Sr-CS/PAA groups revealed signicantly higher values of Tb.N and BV/TV% at 12 weeks aer implantation as compared to the CS/PAA groups (p < 0.05).
The in vivo osteogenesis of Sr-CS/PAA composites was further detected by Van Gieson staining (Fig. 5) . The unlled bone defects showed the limited presence of the newly formed bone at the twelh week post-surgery. The newly formed osseous tissues were not formed into bone trabeculas to repair the bone defects (Fig. 5A) . However, in both CS/PAA (Fig. 5B) and Sr-CS/ PAA groups (Fig. 5C) , a large amount of mature and regularly arranged new bone trabeculas were formed that were connected to the host bone. Moreover, the number and density of trabecular bone in the Sr-CS/PAA groups were markedly high, and the defects were almost repaired.
Discussion
In the area of bone tissue engineering, CS gras have been proved to show adequate biocompatibility and osteoconductivity with the drawback of rapid degradation. [6] [7] [8] [9] [10] To overcome this shortage, our research group has previously developed a PAA copolymer, which is a partial analogy to the polypeptide architecture of natural collagen protein in the normal bone. 26, 27 The copolymer is combined with CS for the development of a CS/PAA composite material. The CS/PAA composite retains the desirable properties of CS, such as favorable biocompatibility and osteoconductivity. 12 However, CS/PAA composite does not have osteoinductivity, which is a critical factor in the process of bone defects healing. Sr exerts a certain osteoinductive effect by inhibiting the activity of osteoclast and promoting the proliferation and differentiation of osteoblasts. Thus, in this study, the bone defects healing is accelerated by Sr doping into the CS/PAA composite to develop a novel composite, and its in vitro and in vivo characters are investigated in this study. The degradability of a bone gra plays a major role in bone repair. 11, 28 As an ideal bone gra, the degradation rate is preferably matched with that of osteogenesis such that the bone replacement occurred aer the absorption of the implants.
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Rapid degradation not only leads to a destruction of mechanically efficient support structure but also alters the bone defect micro-environment. Since the pH values of the degradation media aer soaking the PAA composites were maintained at approximately 7.4, the changes are induced by the degradation of inorganic substances. 6 The calcium and sulfate ions are released into the degradation media, and the calcium ions trapped the hydroxyl ions in water molecules, leading to the formation of hydrogen ions. The increased hydrogen ions concentration reduces the pH value of the degradation media.
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Previous studies have revealed that the stable pH environment was vital for the metabolic activity, proliferation, and differentiation of osteoblasts.
31 Aer 12 week soaking in the SBF solution, the mass loss of Sr-CS/PAA was 31.30 AE 1.17%, which was signicantly lower than that of CS/PAA 50.72 AE 1.46% (p < 0.05). The incorporation of Sr into CS/PAA composites reduced the degradation rate of the composite. The media soaking the Sr-CS/PAA composites exhibited a rather stable pH environment. In the in vivo study, the Sr-CS/PAA granules were packed into the defects; however, still, some amount of porosity was retained to facilitate the tissue ingrowth. Next, the voids formed by the degradation of granules were gradually lled with the regenerated osseous tissues. A small amount of residual Sr-CS/PAA granules were observed in the defects at the twelh week when the bone defect was almost entirely repaired, suggesting that the degradation rate was approximately equivalent to that of the osteogenesis. These results suggested that the Srcontaining CS/PAA composites had been improved in the degradability for a perfect bone gra.
The biocompatibility and biological properties are crucial factors in bone tissue regeneration. 32 Thus, the biocompatibility of the Sr-CS/PAA composites is investigated by cell morphologies and proliferation of MC3T3-E1 cells. In the present study, the SEM analysis determined that the MC3T3-E1 cells spread well and adhere tightly to the surface of all the Sr-CS/PAA composites, indicating that the composites do not induce any cytotoxicity. Moreover, the OD values of the Sr-CS/PAA groups are signicantly higher than that of the CS/PAA groups on days 4 and 7. According to Zhang et al., the enhanced effects of Srcontaining scaffolds on the proliferation and differentiation of MC3T3-E1 cells are caused by Sr release and stable pH environment. 21 The Sr ions are released from the Sr-CS/PAA composites into the media as shown in Fig. 2 . Since strontium can promote the proliferation and differentiation of osteoblasts for bone formation, 33, 34 its incorporation into CS/ PAA matrix can improve the biological properties of the composite material and exert positive effects on cell proliferation and viability. The stimulatory effect on the proliferation and cell viability of osteoblasts are demonstrated by the ALP activity in MC3T3-E1 cells. ALP is an early marker of differentiation of osteoblasts, and it participates in the process of mineralization. 35 In addition, the ALP activity in the Sr-CS/PAA composite group is signicantly higher than that in the CS/ PAA group or blank plates at days 4 and 7 of culture, indicating a promotion of osteogenesis by the Sr-CS/PAA composite. The results are consistent with that of the previous studies.
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A critical size defect is dened as the smallest tissue defect that would not completely heal during the lifetime of an animal. 37, 38 According to Hollinger et al., a 6 mm bone defect is regarded as the critical size defect in rabbits. 39 However, Zhao et al. constructed a drilling hole in the femoral condyle, with 6.5 mm diameter and 6 mm depth, and the defect implanted without anything is naturally healed aer 12 weeks. The results suggested that the bone defect was not a critical parameter. 12 Qi et al. found a cavitary defect in the femoral condyle with the same diameter, while 0.4 mm excess depth would not completely heal during the lifetime of an animal. 25 These results were in agreement with our study. Therefore, we used the cavitary defect of 6.5 mm diameter and 10 mm depth as the critical size defect in rabbit femoral condyle, which is used as the animal model for the in vivo evaluation of Sr-CS/PAA composites in this study.
The biocompatibility and biological activity of the Sr-CS/PAA composites are further veried in the animal bone defect model, which is crucial in evaluating a biomaterial. All the Sr-CS/PAA-treated femoral condyle and surrounding muscle tissues neither show a signicant foreign body reaction nor chronic inammation, indicating excellent biocompatibility of the composite in vivo. Furthermore, quantitative analysis of the CT images suggests that the number and density of trabecular bone in the Sr-CS/PAA composites-treated groups are markedly higher than that in the CS/PAA-treated groups ( Fig. 4C and D) . The capacity of repair of the bone defects of Sr-CS/PAA composites is superior to the CS/PAA composites, which is caused by the incorporation of Sr into CS/PAA matrix. Taken together, the in vitro and in vivo tests results exhibits excellent biocompatibility and biological activity of the Sr-CS/PAA composites.
Conclusions
The Sr was successfully doped in the CS/PAA composites to develop a novel bioactive bone gra substitute. The in vitro degradation studies suggested that the degradation rate of Sr-CS/PAA composites is slow. The released Sr stimulated the proliferation and differentiation of MC3T3-E1 cells. Furthermore, the in vivo evaluation conrmed that the Sr-CS/PAA composites have excellent biocompatibility; their degradation rate matched with that of osteogenesis and exhibited a better capacity for the repair of critical bone defects than the CS/PAA composites. These ndings indicated that the Sr-CS/PAA composite is a promising candidate for bone regeneration as a bone gra substitute, displaying an appropriate degradation rate, superior biocompatibility and biological activity.
